The purpose of this study was to assess the influence of sport-specific and nonspecific bouts of exercise on athletes' redox state. Blood samples were collected from 14 handball players immediately before and after graded exercise test on the cycle ergometer and handball training. Levels of superoxide anion radical (O 2 − ), hydrogen peroxide (H 2 O 2 ), nitrites (NO 2 − ) as markers of nitric oxide, index of lipid peroxidation (TBARs), glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT) activity were determined. Exercise intensity was assessed by a system for heart rate (HR) monitoring. Average athletes' HR was not significantly different between protocols, but protocols differed in total time and time and percentage of time that athletes spent in every HR zone. The laboratory exercise test induced a significant increase of H 2 O 2 and TBARs as well as the decrease of the SOD and CAT activity, while after specific handball training, levels of NO 2 − were increased and SOD activity decreased. It seems that unaccustomed short intensive physical activity may induce oxidative stress in trained athletes, while sport-specific activity of longer duration and proper warm-up period may not. Further research should show whether the change of protocol testing and the implementation of various supplementations and manual methods can affect the redox equilibrium.
Introduction
Reactive oxygen species (ROS) are constantly being generated in the body in a small extent even at rest, and since they have a potential to react with a variety of chemical species, they have multiple functions in cell signaling and enzymology [1] . In general, the body has adequate antioxidant reserves to cope with the production of ROS under physiological conditions and perhaps during low-moderate intensity exercise [2] , but when ROS production is excessive, such as during prolonged intensive physical efforts, an imbalance between oxidants and antioxidants in favor of the oxidants may occur, leading to a disruption of redox signaling and control and/or molecular damage [3] .
Exercise provides an excellent model to study the dynamic balance between oxidative challenge and antioxidant defense in the biological system, so the relationship between exercise and oxidative stress has been a topic of intensive scientific research for more than 30 years [4] . Although there is some inconsistency present within the literature, it is clear that both aerobic and anaerobic exercises have the potential to result in increased free radical production, which may or may not result in acute oxidative stress [5] [6] [7] . The extent of redox homeostasis disturbance induced by an acute bout of exercise depends on many factors, inter alia, exercise mode, intensity and duration, participant's state of training, gender, age, and nutritional habits [8] [9] [10] .
Oxidative Medicine and Cellular Longevity
There are many studies on exercise-induced oxidative stress performed on sedentary participants, recreational and elite athletes in dominantly aerobic, anaerobic, and even mixed anaerobic-aerobic conditions [11] [12] [13] , but there are a very limited number of studies that investigated the effects of different types of exercise on the redox state of the same participants [14] . Different types of exercise may induce varying levels of RONS and affect plasma redox state in a specific way. Sports engagement includes upregulation of many cell processes and physiological functions, but those improvements are sport specific. When exposed to unaccustomed physical activities, athletes experience significant stress that may induce, among other undesirable effects, delayed onset of muscle soreness (DOMS), a phenomenon whose etiology is still not clear, but there are some implications that reactive oxygen and nitrogen species (RONS) may be involved in its appearance and existence [15] . So, the main aim of our study was to compare the effects of two types of exercise, different in energy demands, intensity, duration, and specificity, on the redox state of well-trained young handball players.
Materials and Methods

Subjects.
The study was performed on 14 young (19.1 ± 1.1 years old) well-trained male handball players. Athletes had at least 5 years of sports experience and were engaged in regular handball (mixed aerobic-anaerobic) training 5 times a week for 90 min. The study was performed during the first part of the competition season, during the game-free week between two competitive rounds of the national league. In order to be included in the analyses, players had to attend more than 90% of the training sessions during the precompetition period and the current competition season.
All handball players and the head coach were explained study's purposes, risks, and benefits, they were familiarized with study's protocol, and they gave a written informed consent. The study was approved by the Ethical committee of the Faculty of Medical Sciences, University of Kragujevac.
Study Design.
To determine the effects of two different types of exercise on the redox state, handball players were subjected to a laboratory graded exercise test (GXT) on the cycle ergometer (exercise protocol 1) and to the specific handball training (HT) (exercise protocol 2). Those two exercise protocols were chosen because they differ in specificity, intensity, and duration, that is, physiologic, motoric, and psychologic demands. Laboratory graded exercise test represents sport-nonspecific unaccustomed activity for these athletes, while handball training was designed to replicate their usual training session and competitional activities. The study design is illustrated in Figure 8 .
Immediately before and after both exercise bouts, blood samples were taken from athletes (except goalkeepers) in order to determine the levels of superoxide anion radical (O 2 − ), hydrogen peroxide (H 2 O 2 ), nitrites (NO 2 − ) as markers of nitric oxide, index of lipid peroxidation (TBARs), glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT) activity. The effects of exercise on the redox state were determined independently for each experimental protocol and changes of biochemical parameters, induced by different exercise protocols, were compared.
Four weeks prior to blood sampling, the athletes were instructed to abstain from any vitamin or antioxidant dietary supplementation. None of the participants reported any eating disorders, had no ongoing or previous (last halfyear) injuries, were not on any medication known to affect oxidative stress, and were nonsmokers. Exercise protocol 2 (handball training) took place 72 h after exercise protocol 1 (laboratory exercise test). During the first 48 h after exercise protocol 1, athletes were allowed to perform light aerobic exercise as active recovery, while 24 h before both exercise protocols physical activity was forbidden. To exclude the influence of different dietary intakes on nitrite level, all participants were on the same dietary protocol 3 days before the study and during the study.
Preliminary Measurements.
Before the beginning of the study, athletes passed standard sports-medicine examination that included a health questionnaire, electrocardiographic examination, blood pressure, and anthropometrical measurement. Measurement of body composition was performed using an apparatus for bioelectrical impedance analysis In Body 720 (Biospace, Korea) whose validity was previously confirmed [16] . Measurement was performed according to the manufacturer's instructions. Body weight was measured with accuracy within 0.1 kg and body fat with an accuracy of 0.1%. Body height was measured by means of an anthropometer (GPM, Switzerland) and the results of the measurements were accurate within 0.1 cm.
Exercise Protocols.
Athletes' cardiorespiratory fitness was assessed during performance of graded exercise test that was designed as exercise protocol 1 in the first part of the study. Maximal progressive exercise test was performed on a cycle ergometer AX1 (Kettler, Germany). Athletes were familiarized to testing procedure. The saddle height was adjusted for each athlete and athletes were instructed to keep the revolution rate at 60 rpm. The load was set to 2 W/kg and increased by 50 W every 3 min until the end of the exercise test. The test was performed until voluntary exhaustion and athletes stated their subjective feeling of exhaustion by using Borg's CR10 exhaustion scale of at least 8 [17] . During each test, athletes breathed through a two-way mouthpiece (Hans Rudolph, Kansas City, USA). Maximal oxygen consumption (VO 2 max ) and heart rate were followed by an automated cardiopulmonary exercise system (FitMate Pro, COSMED, Italy) whose validity, reliability, and accuracy were previously reported [18] . We considered that VO 2 max was reached when the oxygen consumption reached its plateau (when an increase in workload cannot induce an increase in oxygen consumption) [19] .
One and a half hour handball training consisted of 20 min warm-up (running along the court in pairs while ball passing and shooting (5 min), individual counterattack without defensive player (5 min), stretching (5 min), and shooting from specialized position (5 min)) after which Hydrogen peroxide (nmol/mL) Before GXT After GXT Before HT After HT players were assigned to two teams and played a regular handball game (2 × 30 min, 10 min halftime). Intensity of exercise in situational conditions was assessed by Polar Team2 System (Polar Electro Oy, Finland) for heart rate monitoring.
Analytical
Procedures. Blood samples were taken from an antecubital vein into Vacutainer test tube containing sodium citrate anticoagulant. Blood samples were processed and stored immediately. Blood was centrifuged to separate plasma and red blood cells (RBCs). Biochemical parameters were measured spectrophotometrically. The level of superoxide anion radical (O 2 − ) was measured using nitro blue tetrazolium (NBT) reaction in tris buffer combined with plasma samples and read at 530 nm [20] . The protocol Nitrites (nmol/mL) Before GXT After GXT Before HT After HT for measurement of hydrogen peroxide (H 2 O 2 ) was based on oxidation of phenol red in the presence of horseradish peroxidase [21] . Two hundred µL sample with 800 µL phenol red solution (PRS) and 10 µL horseradish peroxidase (POD) were combined (1 : 20). The level of H 2 O 2 was measured at 610 nm. Nitric oxide (NO) decomposes rapidly to form stable metabolite nitrite/nitrate products. Nitrite (NO 2 − ) was determined as an index of nitric oxide production with Griess reagent [22] . 0.1 mL 3 N perchloric acid (PCA), 0.4 mL 20 mM ethylenediaminetetraacetic acid (EDTA), and 0.2 mL plasma were put on ice for 15 min, then centrifuged for 15 min at 6000 rpm. After pouring off the supernatant, 220 µL K 2 CO 3 was added. Nitrites were measured at 550 nm. Distilled water was used as a blank probe. The degree of lipid peroxidation in plasma was estimated by measuring of thiobarbituric acid reactive substances (TBARs) using 1% thiobarbituric acid (TBA) in 0.05 M NaOH, incubated with plasma at 100
• C for 15 min and read at 530 nm. Distilled water was used as a blank probe. TBA extract was obtained by combining 0.8 mL plasma and 0.4 mL trichloroacetic acid (TCA), and then samples were put on ice for 10 minutes and centrifuged for 15 min at 6000 rpm. This method was described previously [23] . Hemoglobin determination, necessary for calculation of activity of endogenous antioxidants, was performed according to the Drabkin method [24] . Superoxide dismutase (SOD) activity was determined by the epinephrine method of Misra and Fridovich [25] . A hundred µL lysate and 1 mL carbonate buffer were mixed, and then 100 µL of epinephrine was added. Detection was performed at 470 nm. Isolated RBCs were washed three times with 3 volumes of ice-cold 0.9 mmol/L NaCl, and hemolysates containing about 50 g Hb/L (prepared according to McCord and Fridovich [26] ) were used for the determination of catalase (CAT) activity. CAT activity was determined according to Beutler [27] . Lysates were diluted with distilled water (1 : 7 v/v) and treated with chloroform-ethanol (0.6 : 1 v/v) to remove hemoglobin [28] . Then 50 µL catalase buffer, 100 µL sample, and 1 mL 10 mM H 2 O 2 were mixed. Detection was performed at 360 nm. Distilled water was used as a blank probe. The level of reduced glutathione (GSH) was determined based on GSH oxidation with 5,5-dithiobis-6,2-nitrobenzoic acid, using the Beutler method [29] . The concentration is expressed as nanomoles per milliliter of red blood cells (RBCs).
Statistical Analysis.
The statistical analysis was performed using SPSS 19.0 for Windows. Results are expressed as means ± standard deviation of the mean. Data distribution was checked with the Shapiro-Wilk, test and depending on its results, the appropriate parametric or nonparametric test was used. The differences between the values of means from two related samples (before and after the maximal exercise test, before and after handball training) were assessed by Wilcoxon's test, while the difference between two unrelated samples (characteristics of exercises protocol) was assessed by t-test. Alpha level for significance was set to P < 0.05.
Results
Subjects' characteristics are presented in Table 1 .
Characteristics of the two exercise protocols are presented in Table 2 . Athletes' average and maximal heart rate did not differ between exercise protocols. But those two Figure 8 : The study design. exercise protocols significantly differed in total time and time and percentage of time that athletes spent in every heart rate zone. Athletes spent significantly more time, both in minutes and percentages, in submaximal and maximal zones of intensity during handball training. The effects of exercise protocols on levels of pro/antioxidants in subjects' blood are shown in Figures 1, 2, 3, 4, 5, 6 , and 7. Laboratory exercise test that lasted 10.42 ± 1.12 min and in which levels of athlete's heart rate corresponded to a submaximal and maximal intensity zone for less than 5 min induced significant increase of H 2 O 2 and TBARs as well as the decrease of SOD and CAT activity, while after 90 min of specific handball training, during which players spent about 50 min in submaximal and maximal zone of intensity, only levels of NO 2 − were significantly increased and SOD activity decreased.
Discussion
The aim of the present study was to compare the effects of two exercise protocols different in energy demands, intensity, duration, and specificity on redox state of well-trained young handball players. The results of the study showed that maximal laboratory graded exercise test performed on the cycle ergometer was followed by significant disturbance of the athlete's redox state. The changes in investigated redox parameters after GXT included significant increase of prooxidants (H 2 O 2 and TBARs) and the decrease of endogenous antioxidants (SOD and CAT), which clearly suggests that athletes experienced oxidative stress after this type of exercise. On the other hand, HT induced changes of a smaller number of biochemical parameters: only changes in levels of nitrites (markers of nitric oxide production) and SOD activity were observed. The fact that SOD activity was decreased after handball training but levels of ROS (O 2 − , H 2 O 2 , and TBARs) and other endogenous antioxidants (CAT and GSH) were not changed significantly suggests that the first line of antioxidant defense was enough to prevent the exercise-induced oxidative stress. The rise in NO (NO 2 − ) levels after HT may be the consequence of increased blood flow, that is, the effect of relatively long exposure of blood vessels to shear stress [30, 31] .
From the previously published literature on the relationship between exercise and oxidative stress, it is clear that an exercise of sufficient volume, intensity, and duration can lead to an increase in ROS production, which may lead to the oxidation of several biological molecules (lipids, proteins, and nucleic acids) [4] [5] [6] . But how much physical effort is enough to induce significant changes in athlete's redox state? Exercise protocols in our study were designed to differ in volume, intensity, and duration. As presented in the Results Section, they significantly differed in total time and time and percentage of time that athletes spent in every heart rate zone, especially in submaximal and maximal zones of intensity. It should be expected that handball training would represent greater challenge for maintaining desirable redox state because all its load parameters were much greater than the ones during GXT, but our results showed the opposite. Laboratory exercise test that lasted 10.42 ± 1.12 minutes and in which levels of athlete's heart rate corresponded to a submaximal and maximal intensity zone for less than 5 minutes induced significant oxidative stress, while after 90 minutes of specific handball training, during which players spent about 50 minutes in submaximal and maximal zone of intensity, the redox state was much less affected. The answer to this paradox may lie in specificity of the exercise activities. Sport training is a process of continuous exposure of an athlete to various kinds of stress, in order to initiate adaptations, that is, structural and functional changes that enable the improvement of an athlete's sports performance, but those adaptations are sport specific and in most cases not transferable. When exposed to an unaccustomed exercise protocol, athletes experienced significantly greater undesirable changes of redox state than when exposed to exercise protocol that was characterized by accustomed physiologic, motoric, and psychologic demands. Another explanation of observed differences in redox responses to those two exercise protocols may lie in the duration of exercise, since there is evidence that prolonged physical activity induces less oxidative stress than acute short exercise (4, 6) . This, in part, may be due to differences in the warm-up period between the protocols and the time available to achieve stable redox state. When exposed to maximal GXT protocol, athletes experienced significantly greater undesirable changes of redox state probably due to rapid load, with ischemic reaction occurring in the early stages of loading and the subsequent development of the metabolic defects at the level of the muscle. Ischemic response induced inflammatory response that induced disorder of redox balance during the exercise test. For this reason, it is necessary to consider possible modifications of the protocol to test athletes in terms of extending the warm-up phase and the application of manual techniques in the sense of massage to alleviate the initial ischemic reaction. In addition, it would be necessary to introduce a specific diet and supplementation immediately before the exercise test, especially vitamin E, alpha lipoic acid, coenzyme Q10, glutathione, and N-acetyl cysteine.
Conclusions
Our results point out to the conclusion that an unaccustomed physical activity may induce oxidative stress in well-trained athletes, while sport-specific activity may not. These results indicate the importance of the introduction of antioxidant supplementation at a time when athletes are exposed to activities that do not match the specific physical training loads. Although these findings suggest that this type of load should be avoided in regenerative stages of training cycle. Further research should show whether the change of protocol testing and implementation of various supplementation and manual methods can affect the redox state equilibrium. The limitation of our study is that we did not follow the changes of redox parameters during recovery, but these results are the starting point for our further research in that area. Monitoring of changes in the redox state after these two exercise protocols could give the answer to the question about the role of ROS in exercise-induced muscle fatigue and the possible delayed onset of muscle soreness.
